Silicon-on-insulator (SOI) is a promising material system for dense on-chip integration of both silicon photonic and electronic devices. The high refractive index of silicon enables strong light confinement and compact lowloss devices at telecommunication wavelengths. In addition, on-chip nonlinear optical signal processing becomes feasible, because the third-order nonlinear susceptibility χ (3) of silicon is about 200 times that of glass, and because the tight light confinement enhances the nonlinear response. However, for many applications it would be desirable to have even stronger nonlinearities, and to exploit second-order χ (2) -nonlinearities which are negligibly small in mono-crystalline silicon. On the other hand, many organic materials are highly nonlinear, but have only a low refractive index. Silicon-organic hybrid (SOH) systems combine the strengths of both materials resulting in extremely large effective nonlinearities.
INTRODUCTION
Higher capacity in optical transmission systems requires faster optical signal processing [1] . Modulators and multiplexers are key in this context, and silicon photonics offers an advanced platform for robust, highlyintegrated devices that are able to guide and confine near-infrared light strongly. However, in silicon the lowestorder optical nonlinearity is the third-order susceptibility (χ (3) , Kerr effect) [2] , which in addition is influenced by two-photon absorption and free carrier generation. This impedes optical signal processing at high speed, and therefore requires measures to remove free carriers [3] [4] .
On the other hand, organic materials with strong second-order (χ (2) , electro-optic effect) or third-order (χ (3) ) nonlinearities are available, but they suffer from rather low refractive indices and are therefore not well suited for concentrating light to a small cross-section area. Combining the strengths of both systems -silicon-on-insulator (SOI) structures for confining the light to a small interaction region, and filling this region with a highlynonlinear organic material -results in silicon-organic hybrid (SOH) devices with superior performance [4] .
In the following, we report on the design and the properties of two SOH components:
• An ultra-compact SOH Mach-Zehnder (MZ) amplitude modulator [5] , which is expected to have a modulation bandwidth of 78 GHz for transmitting data at 100 Gbit/s with a drive voltage of only 1 V. Our design combines the large field concentration of slot waveguides (WG), the high χ (2) -nonlinearity of organic materials, and the increased interaction time by a slow-light photonic crystal (PC) structure [6] . By careful design, chromatic dispersion can be eliminated in an optical bandwidth of 1 THz.
• An integrated SOH waveguide [7] with a χ has been successfully tested [8] for its capability to demultiplex a 120 Gbit/s signal to 10 Gbit/s employing four-wave mixing (FWM). The optical mode is guided by a slotted waveguide and strongly confined to the slot. This interaction region is filled with a highly nonlinear organic material showing only little twophoton absorption (TPA).
MACH-ZEHNDER MODULATOR
The MZ modulator schematic is shown in Fig. 1(a) . Phase modulators (PM) are inserted in both interferometer arms and driven in push-pull mode. Each PM consists of a slot PC-WG filled with a χ (2) -nonlinear organic material. The electric field is mainly confined to the slot, Fig. 1(b) . The modulating voltage is applied to the PM electrodes and transferred to the slot region via conductive silicon slabs. In addition to the effect of strong field con-Tu.C2.1 finement, the interaction in the PM sections is further enhanced by slowing down the optical group velocity v g, opt , which allows reducing the modulator length L. To avoid distortions of optical pulses, the chromatic dispersion has been flattened in a 1 THz optical bandwidth, see Fig. 1 (c). Without dispersion flattening (i. e., all PC holes have same radii), the group velocity changes strongly with optical frequency (Fig. 1(c) , dashed line).
In Table 1 , estimates of the MZ modulator bandwidth f 3dB and its associated length L are given by evaluating Eqs. (1)−(2) [5] . The estimates are for a fixed π-voltage U π of the PM and a modulation amplitude Û = U π /4 = 1 V. The electrical group velocity is v g,el v g, opt , the refractive index of the organic material is assumed to be n org = 1.6, and its electro-optic coefficient is r 33 = 80 pm/V. The quantity Г stands for the electrooptic field interaction factor [5] . The data in Table 1 refer to the dispersion-flattened structures in Fig. 1 (c). Out of these structures, one with a sufficiently flat dispersion at a realizable optical group velocity of 4 % of the vacuum speed of light was chosen, bold-face row in Table 1 . A large modulation bandwidth of 78 GHz is predicted for a phase modulator length of 80 µm, allowing 100 Gbit/s transmission. The bandwidth f 3dB is limited by walk-off between optical and electrical signals, Eqs. (1)− (2), while electrical RC-effects do not play a role [5] .
Signals from an external fibre may be effectively coupled to a conventional strip WG mode with coupling losses below 1 dB (see Ref. 19 in [5] ). However, an efficient method is also needed to excite the slow-light mode within the PC slot WG. We propose a coupling structure which provides electrical isolation across the gap. It consists of two sections, which are schematically shown in Fig. 2(a), (b) . Calculated transmission and reflection g,opt g,opt 3dB curves are displayed in Fig. 3 . The simulated structure comprises both the transition from a slot WG to a slowlight PC WG, Fig. 2(b) , and the transition back to a slot WG. The transmission is better than − 4dB including both tapers, while it drops below − 20dB without tapers. The reflection stays below − 10dB. For the transmission curve with tapers, residual Fabry-Perot fringes from reflections at the interfaces can be observed.
DEMULTIPLEXER WITH FOUR-WAVE MIXING
Four-wave mixing (FWM) in nonlinear waveguides [2] [9] can be used for demultiplexing OTDM signals. For fabricating a suitable waveguide, an organic material with large χ (3) -nonlinearity is deposited onto an SOI slot waveguide using a molecular beam, see the schematic in Fig. 4(a) and the focussed-ion beam image in Fig. 4(c) .
To maximize the nonlinearity we need to optimize the nonlinear parameter γ = n 2 k 0 / A (3) eff . In this relation, A (3) eff is the effective area of nonlinear interaction, which depends on the waveguide geometry, k 0 denotes the free-space wave number, and n 2 is the intensity-related nonlinear index coefficient. 3-diene-1,1,4 ,4-tetracarbonitrile). The molecules are described in more detail as derivative 2 in [13] . The refractive index of the organic film is n = 1.8 at a wavelength of 1.5 µm, and its nonlinear index coefficient amounts to n 2 ≈ 2 × 10 −17 m 2 /W; this is 1 000 times larger than for fused silica.
We optimize the waveguide geometry for maximum confinement of the optical mode in the slot. By varying the rib width w and the height h, and by choosing realizable slot widths of w slot ≥ 60 nm, the area A (3) eff can become significantly smaller than 0.1 µm 2 , Fig. 4(b) . The field intensity has been further enhanced ( [7] , see Fig. 4(b) ) by choosing an organic slot material with the smallest refractive index available. This results in a fourfold field enhancement due to the discontinuity of the normal electric field component at the interface of silicon (refractive index 3.48) and the organic material (refractive index 1.8). Fibre-chip coupling losses amount to a cp = 3.8 dB per facet, and the propagation loss is 2.3 dB / mm (α = 0.53 mm ) fibres [11] . We performed all-optical demultiplexing of a 120 Gbit/s signal down to a 10 Gbit/s data stream. The experimental setup together with the eye diagrams is depicted in Fig. 5 . For the data (pump) we used mode-locked fibre lasers operating at repetition rates of 40 GHz (10 GHz) and emitting pulses of approximately 3 ps FWHM. The 120 Gbit/s data were generated by modulating the 40 GHz pulse train with a pseudo-random bit sequence of length 2 31 − 1, and by subsequent time multiplexing. The output signal was bandpass-filtered at the converted wavelength, amplified, and the resulting eye diagram was recorded with a digital communication analyzer. By varying the delay between pump and signal, different tributaries could be demultiplexed. From the eye diagram, a Q-factor of Q 2 = 11.1 dB was measured for an on-chip pump power of 15.6 dBm (36 mW).
CONCLUSIONS
Two devices demonstrate the potential of silicon-organic hybrid (SOH) photonics: First, we report on the design of an SOH MZ modulator with 1 V drive voltage based on a 80 µm long slow-light photonic crystal line-defect slot waveguide filled with a χ (2) -nonlinear organic material. In an optical bandwidth of 1 THz we predict a transmission at 100 Gbit/s. Second, we functionalize a 6 mm long SOH slot waveguide with a χ . As an application, we demultiplex a 120 Gbit/s data stream to 10 Gbit/s employing partially degenerate FWM with 15.6 dBm on-chip pump power.
